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l)CVClO]JllIClltj  of caIIIcla  alId iltstruil)c]lt  sillll[latiolls  fo r  s]jacc cx])lo]atioll  rcqllilcs tlIe
dcvclo])l IIc]It of scientifically acc IIIatc  ]IIodcls of tlIc ol)jwts  to I)c s(udic{l.  Sci’c]al  ])laIIIIcd
col]lctary  ]nissio]ls  lIavc ])roIlll)tcd  tlIc clc~~’(’l{)])l]lcllt  of a tllrcc (Iill]c]lsiollal,  ]Illllti-sl)cc(l;ll,
a]lisotro])ic  ]nulti])le  scattcri]lg  II Iodcl  o f  coIIIctary  coIIIa. l)lwexist  illg sillg;lc  ])roccssor
cdcs IIave kwI ada])kd  h IIll]lti-tlll[’acl[:cl  aIId distril}utrd  l)roccssillg  i]lll)lcl]l[’]ltatiolls.

1 .  Comet  coma  i l lumina t ion  modeling

hdodcli]lg  of s])acecraft  ill]agillg  systcIIIs  fo r  coIIIct;try  ]t)issio]ls rccl~lircs a IIigll fidelity

illultli]latio]l  a]td ILll]lil]osity  II Iodcl o f  tlIc coIIIcta  Iy coIIIa. ‘1’lIe  l ight  distril)utioIl  and
]ul]]i]losity  of co]]] ctaly COIIIa is co]lll)lcx ]) IOIJICIII  that  is  IIot a(lcqllatel~’ ad(lressd  ljy
co]lvc]ltio]lal  isotropic racliatio]l  traltsfcr  t,cclllliqurs. ‘IIIIC o])tical  cross scctiolls  due to clust
al]d gas cc)]lcc]lt]zltioll  vary  by 4 or ]IIOIC orders of ]nagr)it  udc  across tllc  s])at ial regio]l of
illtcrcst. ‘1’llt ol)tical  density  lIas sigl]ificallt  slIIall  s c a l e  str~lcturc  Ilcar  tlic  (ol[l])act  (Illst
aTId gas jds tlIat arc c]i]ittd  fro]]] tllc co]llctaly  II UCIWS. ‘1’IIc  lcIIgtlI  scale  of  i]ltcrmt
J’arics ftVIII  w 1 05 ]nctcrs  far frolll co]ilct  II UCICUS to of ordcI  10 ]nctcrs  at tllc  surfidce  of
tlle]luclcus.  ‘1’llcsu]lligllt  scattcmd froll]  tile  dus t  i s  IIigllly  ]1[)]1-isotlo])i(”  ill (Iist]il)lltic)]l.
'l'llc`sc  cllalactc]isticsll:l  I'cl)]{  )]]l])t[:cltllc~  (l(l'(lt)])l]I( tit()fall  illlllllill?lt  ic)ll,  ligllt(  listlil)lltioll
aIId rcIldcriIlg  code  that i s  fully tlllc(~-cl  illl(~]lsio]liil, iilco]])()]ittillg  allisotm])ic  ]Illllti})lc
scat tcri]]g,  aIId ])wglcssive  rcfillelllcIlt  of tl]c co]tl])lltiltiolli(l”  gri(l<

1.1. Radiosity  so lu t ions
III gcllcral  volu IIIc mldcrillg  of  attcvluatitlg, ]Ic)]l-isc)tlo])ic  scattering ol)jcct,  s is quite

co]]l])[]tatic)]lally  cx])c]lsivc. \?rllilc analytic ra(liosity  ]I]etllods  for ]l{)]t-tI:\tls])211(’Ilt  ol)jccts
a]Id c]l~’ilo]l]l]c:]lts  are fdir]y  COIm II OII, tllc  coll]])llt21tic)Ilal  c o s t  o f  solving  a (N VOXC1  x
M  directio]l  hill)2 Clc]l]cllt  (all)eit  sl)arst)  Illatrix f o r  rcasoIIal  Jlc sl)at ia] aIId (Iircctiollal
discrctizatio]l  rcst]icts  tllcsc  solutio]]s  t o  sIIIall ])rol.)lcIIIs. ltcratilc  Molltr  (~arlo radios-
ity solutio Ils to tile  full I]lultil)le  scat ter ing ])rol)letII  alloiv a trade off of (olll])llt:itic)ll;il
—
*rJ’llis work  w a s  carried out for  Model  lmscd  I’lat  Lctary I)ata Analysis  ‘J’ask a t  tl]c Jet l’rol)ulsio)l
ljfilmratory) (;alifor]lia IIlstitutc o f  ‘Ikltflology, utidcr tllc colitract }vitll ttlc N’atiolial  Aer{)llal]tics  atld
S])acc  Aclt[lir]ist  ratio]l, ‘1’lte futldillg \Yas J)rovidcd  l)y tllc IIlfortllatioll  Systcttls  llIaIICII  Ofth(](  S’J$l/NASA
atlcl tl]c  office  of  Niissio]) to  I’latlct lkrtl I as  a  lmrt o f  N A S A ’ s  IIigl[  l’crforttlallcc  (Io][)l)util)g and
[;c)]tltt)~]tlicatic)]l  j)rogralll.
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1’CSC)U1’C’CS and pmisi(m.
IN OIIC oftlIc  IIIOICCOIIIIIIOII ])rol)l(IIIIs a(ldrcssc(l  ill tlIc l i t e r a t u r e ,  tlIat of clouds,  tlIc

all)c(lois]’c]ylligl)  _ 0.{)!) l’cc](lilil  lg]l)?\l]y]  lll]lti])lcsc  attclillg  ]mssm lwliladc  for adequate
accuracy of the filial ligl)t clistlil~llli[)l]. Valiolls  111(’tlIo(ls  lIavc I)WII d(velo])cxl 10 IUIII(C

tllecost  oftllcsc  MoIltc  Car]o  IIlllltil)l(’sc?ltt(’liilg  calc~ll?ltic)ll  s[l][3],l  lol\’cI’cltll[~y  tclld  t o
suflcr  floln  “l~calnil]g” or  otllcr a r t i f ac t  s[3]. Sitlcc tllc  lo~v all~cdc)  of tlIc colnct  d~lst &
0.04[6]  lt~eal)stl]at  ally scattcrd light  islllucll  IIlolc’lil{f’lyto”  Iwahorlml  tha t  toullder~o
all additional scattcriIlg, tllc  10}v all)cdo  col IIa rc(]llircs  II Ial Iy fc!vcr lnulti])lc  scatteril]g
iterations for a acccl)table ICVC1 of accuracy. A s t r a igh t  forward  h!olltc  (~arlo al)l)roacll
wit]]  a scllli-allalytjic  light illtcractioIl,  attc]luatioll, and  directional scattc I’iIlg II Iodel gives
a  sc i en t i f i ca l ly  va l id  visua]izatioll  wit,llout tlIc lill O\\rll artirdct,s  of tllc  aforc  lllclltioIld
a})proaches.

2 $  F’u]ly  three climensional  model of the c o m a

l’rcvious  co]llct  IIIodcls lIavc gcvIcrally lmII c y l i n d r i c a l l y  or sl)llerically  sy]lllllctric.
‘1’IIcw Inod(:]s IIavc lxwI  quite  successful for tlIc cxtc]ldml  collla  at large distances froltl
tllc colllct  IIuclcws.  1 Iowevcr,  colllcts  arc Iwlievcd  to [Jlllit  a large fractiol)  of their dust alId
gas via collll)act  jets elnittul  frolll tllc  sul I-Ivard  side of tllc  IIuclclls. ‘I’l Iuw jets arc quite
dcIIso  coIIIlm Id to tllc’  cxlm IIdcd coIIla, aIId IIIay illcludc  rclati~vly IIigll  alldo (W 0.5 or
II Iorc) water ice. 111 gcvtcml  tllmc j e t s  a r c  tlloug]l to lK at fixd pmitiolls  OII tllc  colnct
IIucl(’us  surface, lIowIcver  tlIe tullll)lil)g COIIIC(  ]ILIclcus rc)tatcs  ilIcsc  j e t s  it] aIICl  o(it  o f  t]!

sul)ligllt,, turni]lg tl]e]]) 011 and of[’ witli cacl[ r o t a t i o n . A s  tlIwc jots IIIOVC  off’ into s]nce,
tllcy  lJIOCIIICC  significant  structure ill tllc  far col IIa aII{l tail of tllc  colllct.  h40dclillg  of tllc
light froln  cc) II I])act dust al)(l  gas jets elllittd  fro]]) tllc  colllct  lIuclcus  requires a {1111  tlllw
di?tlmisiol(a] spatial grid.

3 .  C o m p u t a t i o n a l  s t r u c t u r e

‘J’l Ie gmlcratcd  dust, and gas (listlil)lltiolls  arc I)illllcd  ill a (lartcsidll  grid  of cul)ic volult)e
Clclllcllts  (VOX+). l’rogwssivc  rcfillclllcllt  of tllc  g r id  i s  uwd to acllic~’c  tlIc illcr(’asd
s])atial  rwolutiol]  lIcar  tllc IIuclells lIcc(le(l  to resolve IIuclcar  dust, alId ga+ jets, as Ivcll as
to a d a p t  to tlIc  steq)ly  fdllillg dust, dmlsity  (7>- 26)[4] as a fullctio,i  of dista,lce  fro,]] tllc
Cc)lllct  ]Illcl(ws.

‘1’IIc cometary dust has a wry ]Ioll-isotrol)ic  visihlc  light  scattering l)lIase fllllctioI1.  ‘1’0
km}) tl’ZICli of t]lc direct ion of  tile  scattcrcd light, (wclI vo]ulnc  c’lclllcllt  is dirccliollally
discritizd  into  NT x iN angular  I)ills. ‘1’lIc  IIUIIIl Wr of dircctioli  I)ills  IIlay lw va r i ed  fo r
VOXCIS across  tile  p,rid, a s  low d[lst, dcllsity  rcgioIls ,  alId/or  regions  t]lat rcceivd  little
scatted light  IIlay l)c dcscrihe(l  wit,]l fewer d i r e c t i o n  I)ills. l“or rcgiolls  WIICIC ltl(llti~jlc
scat  teri Ilg is collsidcrul  to he ulliltll)ortallt,  tllc  {Iircct  iollal  discret izatioIl  IIlay l)c lrl)laccd
l)y aTI analytic function  descril~illg tllc  light cil)issioll direct ion frolll tllc  voxe].

l’llysical  IIlodcls  of tllc  tilllc evolutio]l  of tllc  cjccld dust  il]dicatc tliat  dust  ])alticlcs
decay to sIIlallcr  sizcs[5]. It is cxlwctml  that tllc  l)llasc allglc of light scatted  frolll tile
larger l)articlm  IIeaT tllc  colnctary  IIuclcus I\’ill  Iw slll)stalltially  diflkrc]lt  that tllc  scattering
l)llasc distrihutioIl  of tlic  liglit scattcmd frolti sIttallcI  IJarticlm  far froIll  tllc  IIucleus.  l;ac)l
vo lume  dcvl]cmt CaII IIavc aII individual scat tcrillg l)llasc fullctiolt,  select  cd froltl a set  of
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alla] ytic lJIIasc fullcliolls.
l;or tile purlmsm  of this lkIlm a sillglc scattering j)lIasc function  Ivas used  for tlIc CIIt irc

gricl, alId tltc (Iircctio]tal  (Iis(lctiziitic)]t  was fixml  at  100 dircctio]l  ljills/\oxcl.

4. M u l t i p l e  S c a t t e r i n g

lJIllilic Ii~ultiple  sca t t e r ing  ill IIigll alldo, IIigll o])ticdl tllickllcss  ol)jcctjs  like c]ouds,
ltl~lltil)lc  s c a t t e r i n g  ill a col]letary dust  col IIa is a IIlillor rfkct. ‘1’lle avcl”agc al I)cdo o f
co]llct  dust  is  of  order  a N ().04, Jvitll  sigIlificallt  illcreasm  frolll this  Iwlue folllld olIly ill
dust, aIId gas jds IIm I tlIc II UCICUS. ‘J’l Ic solal-lIuclcus  ol)tical  dcl)tll  ti~,. is gcIIcrally  less
tllall  1. ‘1’lIc additiwlal  l)rmisioll  gailld  frol]l  cacll ltlultil)]c  scattcriIlg  sillllllatio]l  i s  o f
OI’(l (’1’ (/ o W<$c << 0.04. ‘1’llus  first order Nlolltc  (;ar]o scattering is tllc  ltigllcst  order  that
is IIorII Ially doIIo, tl]ougll  gil’cll  sllf(icicllt  Imoulccs  alIy or(lcr  of lilultil)lc  sca t t e r ing  call
k Colll])lltc(l. ‘J’llougll  lIIC l i g h t  distrih{ltioll  iIl tllc  coItlct coIl]a  is all ofl’ lillc (Iioll-tilllr
critical) calculatioIl, al I IJarallc] l)roccssillg  ~’crsioll o f  t h i s  CO(1C Jvas  (1CI’C1OI)NI ill order
to sllortcll  tllc typical  20 IIour sillglc l) IOCCSSOI c a l c u l a t i o n  tilitc  for cac]i  N’folltc  (;ar]o
scdttcrillg  ste]).

‘] ’he multil)lc  scattcIiIlg  solutio]l  is gc]lelatd  I)y a Monte  (;al]o  l)rol)a&atioll o f  l i g h t
I)UII(lICS fro]]] eaclI ~oxc]. As tllcsc  l ight  l) III I(IICS arc ])rol)agatc(l  across  tllc  grid, light  is
dcpositd  iIl travcrsul voxc]s ill l)rolwrtiol]  to tllc  calculatd  cross scctioIl  aIId lmtll lcllgtll
ill that  voxd.  AIIy liglit  dclmitd  i s  tllc[l sul)tractd  froltl tllc  origi~l voxe]. At tllc  CIId
of cacl I itcratio]l, CWCII wxd contains  aII arra-y dv+cril)illg tllc  angular  d i s t r i b u t i o n  of tllc
l igh t  t ha t  cscalws  tllc  grid, as well as allotllcr array t]lat  colltai]ls  l ight  dclmsitcd  floItl
scat ter ing ligltt  origil)atillg  ill other voxc]s. ‘1’llis SMOIId array of light IImYly dc}msitd  ill
tllc  Yoxel is tlIeII USCKI for aIIy sulmquc]lt  IIlultil)lc  scattering itcratiolls.

A t  tllc CIId o f  all tllc  Nlolltc  (~ar]o  lll~lltil)lc  scattcri]lg  illtcrafiolls, t II(T I’arious aIIays
with tllc light  values arc dud to a sillglc array coIltaillillg  tllc  dircctio]lally  dc}wlldcllt
lulllillosity  of that  VOXCI  as secII fro]]] outside  tllc  grid. 111 order  to calculate tile correct
illut])illatioIl  for vim’  poillt,s  t]lat arc iIlsidc tllc  grid, this lulllilIosity  is corrdml for tile
dircctiollal]y  dclmldcllt  attcvluat,ioll  Ixiwcml  cacl I voxc] alId tllc  edge  of tile  p;rid ill t]lat
di rcd ion.

‘J’lvo illll)lclllelltatiolls  of tllc  Nlollte (;ar]o IIlulti])lc  s c a t t e r i n g  code  Ivcrc dm’elolml;  a
distributed l)roccssillg  vcrsio]l illll)leItlelltd  ill M 1)1 [7], rullllillg  olI a cluster of \Vorli Stat iOll S

alId 4 p r o c e s s o r  lI]illi-collll)llt(~ts, alId a tllreadc(l  versio]l rullllillg  011 a  32 l)roccssor  S(;1
slIa Iwl II Icmory  ]nacl] inc.

4.1. Mul t ip l e  Sca t t e r ing  v ia  clistributed  p r o c e s s i n g
Sillcc tile sillglc  scattering  I)lldsc  fullctioIl  is ])(’ilk((l strongly ill tllr fol~vald dirdioll[8],

tlIe grid  data is distrihutd  to cacl I I) IOCCSSOI’ ill stril)s  aloIIg tlIc sui]ligllt  dircctio]l. IJigllt
l~uIIdlm  that cross to allotllcr l)roccssor’s  data dol]laill are lmssul to that l)mcmsor  ill al I
111’1  da ta  stjructurc. ‘J’l Ic lIulIIl~cr  of illterj)rocms  (oltllllllllictltiolls”  illclcas(~  Ial)idly  as a
function  of tllc  IIUII1lWI  of l) IOCCSSOIS< (k)lllcts  lIaIK a lIcad & tail structure requiring that
tile  grids  lIaYe aII aspect ratio of 2:1 or II Iorc. As  tllc  asl)mt  ratio illcrcascs,  tllc  fractio]l
o f  total ]jl IotoIIs  (I IIcssagcs)  t]lat CK)SS frolll OIIC l)Ix)ccssor  rcgioll t o  allotllcl”  irlcrc~ascs
rapidly. l’igurc  1 illustraks  this, witl] tlIc IIorizolltal  division rcj)resctltillg  rcgiolls  of tlIc
glid allocakd  to t~$ro difl’erellt  processors, aII( 1  tllc  sIIIall I)oxcs rcl)resetltill~  lJOXCIS Jvitllill



P r o c e s s o r  A

P r o c e s s o r  B

l“igulc  I . SclIcIIIatic  of scattcrml  light ]Jro]mgatioll. ‘1’llcligllt sc:lttclitlgisc  lc)]l]i]l?\lltlyil]
tlIc fo rward  dircclio]]  (to tllc  Iigllt),  so tlic  gtid  is distril)utcd  to tllc ]JrocmsoIs  ill stli])s
aloIIg the itlitial  light l)ro}mgatioll dircctioli.

‘]l]IC [Jartcsiall axes arc defiIIcd S(ICII {Ilat 1,])[’ i]litial j)lalIc ]Jarallel su[lligllt  tra~cls ill
tlIe  +x (lircctioI1. l)uIiIIg tlIe l)ro}mgatiol] of scattered light, light l)uIIdlcs arc lmssml
to IIcarcst  llci~lllmr  l)roccssors  aloIIg tllc  x aIId y axis, if tlIcy  cross tllc  grid I)oulldarim
assigllcxl  to cacl I l)lvcm+sor. ‘] ’]ICSC ]igl)t  I)ull(ll(’s  alc I)uff(’l”cd, all(l  ])21SS(’(1 ?llollg OIIIC I  0 0

o f  tllml acculllulat’c. ‘1’IICSC  lmsscd l i gh t  l)uIIdlrs  arc rmrivcd alId l)roccssdj aIId tllc
rcwulting  l)llotolls  arc eitllm l)assed aloIIg  tlIc IIcxt,  })roccssor, 01’ (Wca[)c  tllc (Ylge of tllc
grid. l’;acl  I p r o c e s s i n g  of ~)assd })lIotoII  bill Idles })rod IIccs al I cquivdlcllt  sizd Lufkr o f
accoulltil]g  data that is I>roadcast  to al l  l)roccssors. ‘1’lIouglI tllc  VOIUIIIC o f  accounting
data l)maclcast  l)y cacll l)roccssor  i s  lillcar  \vitll  tllc  total lIUIIIkV  o f  l)rocmsors,  tllmw
accoun t ing  packds  are ct)Illl)lltzttic)llally  illcxlwllsiw’ colIIl)ard  with tlIc l)rol)a~atioll  of
tllc  photon blllldl[’s.

l“or tile  fo l lowing  tahlc, every voxel ill  tlIc grid  lIa(l 100 directioIl  I)ills, Jvitll  a total of
1000 pllotoll  I)ulldlcs  $y’lwratcd for HI(”I1  VOX(’I . ‘1’lIMv S(;1 OIIyx lilacllillcs,  cacl I lvitll 4

$(;1 lIIIImCt  aIId a (l~lal-})lc)ccssc)l  S(;1 octallc.  All])roccssors  were used,  a sillglc I) IOCCSSOY  ,
lnacllillcs  lIavc s i m i l a r  Cl)l J aIId clock S] KYKIS, with  tllc  II I&Ij  OI difkvcllces  ill tile  aIIIOUIIt
of l)llysical  II Icl IIory. cf. ‘J)al)le 2. ‘1’IIc 11011  -OIIyx ]I]acllillcs lv(,re o]lly (Isd fol  tllc  t~veli’c
})1’OCCSSO1  1’(111s. ‘1’IIc O]]yx IIlacllilles Ml’] p a c k a g e  u s e s  a  s h a r d  111( ’I IIory IIlcssage  lmssill~
IIlccllallislll  wllerc  l)ossil)le, greatly  itlcrcasillg  tllc  s})ee{l  o f  cc)lllllllllli(”zitioll  l)etJvccll  I)1O
ccssm  lcsidellt  o]) tlIc salllc  IIlacllillc. ‘J’]Ir  illcl~lsioll  o f  tllc  IIll])act  and octallc  I’cs[lltcd
ill illcrcasc of collll)utatioll  tilllc rather tlIa II a decrease, lmssil)ly lwcausc of tlIc  illcrmsd
co~lll]~llllicatic)]l  tilllc.  Additio]lallyl  tllesc  ]Ilacllilles lIavc a II IUCII  sIIIallcr  aIIIOII  IIt of ])lIys-
jcal lllclIlory,  and lI]ay llavc  lm:lI lm~illg, t h u s  .grmt]y  cfktillg  tllc cf[icic’llcy o f  tllcse
lulls.
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1“ip;uIc2. l)eIillc-Ncys  c:tttclillgilll  llJlitll(lcils  a f~lllctioll  of allglc.

4.2.  T h r e a d e d  M u l t i p l e  Scattering
All of tllc thrmdcd  ruIIs WCIY: lwrforInd  011 aII 32 IImlc S(;1 origitl  ~vitlt 8 (;11 of l)ll~wical

IIlcvnol’y. ltaclI  thread  was assigtlcd  a set o f  voxcls, sclcytd  l)y t h e i r  ili(l($x  ill tllc  grid.
‘1’hoIIglI  tllc index  adval  Icd Inost  ral)idly  ill z, t h i s  SCIICIIIC  dom  IIOt fully  isolate  w-IclI
tJIIrCad ill a region  aloIIg tllc  z-axis . III tlIc c a s e s  \YII(I( a tllr(’a(l ])rol)agatm a Iigllt I)uII(IIc

il)to a rcgio]) assig]lcd  to al IotlIer  {Itrca(l, tlIerc  is a l)rol)al)ility tlIat citller of tllcse  tllrcads
IIIay l)lock 011 a lock l)lacul  I)y tlIc otllcr tllrcad 011 auvss to tlIc various light  arrays.  As
the IIul IIbcr of tllrcads illcrcases,  tllc  II UIIIIKI of collisions 011 tllcsc  locks Ivill  illcrcasc.
‘I’l Ius tllc  11011 lillcar  dccreasc of collll)llttitioll”  tilllc wit]l i]}crcasillg llLllIIIJcr  of l)loccssoIs
ill ‘J’able 1 is cxlxxkl.

‘J’al)lc  1
l’roccssill~  til~lc hl 1’1 vs. ‘lllIIWIdUl
# voxi # of

J)l’[)C(WSO1”S

409(j 2
4096 4
409(j {)

4096 12
13824 2
13824 4
I 3824 g

13824 12
216000 3P

h!]’] ‘1’111’m[dcd

2020 ‘- (i3i s
{)()() 310 s
6{)() 130 s
1025 {)3 s

14320 * 1840 s
6270 ] ] $)() s

3485 .510 s
5340 * 3$)() s

.5400 s

* ‘l’],(S(  l(IIIS  W(.IC  doIIc l~itll  100

l)llotoll l)LIII(ll(’s/l’c)xc’1,  Ivitll tlIc tiiilc
a(ljustd  I)Y a factor of I O. l)rcl’i-
OIIS tcstillg lIas ind ica ted  tha t  tllc
l)roccssillg  titllc  is :Ij)l)lc)xilll:lt(’ly  lill-
car Jvitll  tllc  ]I\l  Inl)(Ir of l)lloto]l l)ul I-
(lk%/vox(’l  USC(1 .
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5 .  Rel~dering:  I>istributd  v s .  Threadecl

(;odc to rclldcrillg ilnap;cw  o f  tllc  tl)c gc]lerat(xl  colllct  collla  l)as l)ecll de~’clol)cd  using
Imt])  tltc N1l’1-(listlil>lltc’cl  aTld tllrmdd  lllctllods. III hotll  tllc tllrmdd  a]ld N i l ] ]  dis-
tribukd  ilIll)lclllclltatiO1ls, tile  ilnagitlg  plallc  i s  divided  into  a  N x h’1 sill)  rcgio]ls,  mcll
task Sivcll  to a slaw l)rocessor  or tllrcad. ‘J’llew is lIo illt(’1-tlll(’:1(1 or illtchslavc coltlttlulli-

catiol). ‘J’llc  l)rocessillg  tilllc for tllc  IVl 1’1 (listlil~utml  atl(l t IIrcadml vcrsiolls  oft Ilc 1[’lldelcl

are sill lilar. ‘J’l]c ]Ilajol diflkrcllce  it] rcllderillg  tilllc  is (Illc to tllc  ()\’crllead of })altitiollill~
and sclldillg  tllc grid  to cacl] l)locmsor ill tllc  h41)l distril)lltd  illl})lilll(’llttltic)ll.  (;lirr(~lltl~’,
tile h!])]  distrihutd  wrsioll  of tllc  rcl)dcwr  ]las a  IIlastcr  t h a t  extracts  and tlallslllits
tile portions  of tl)c  grid  ]Icdd l)y eaclt s l ave  l)roccssor. II] future vwsio]ls  o f  tlIe N1l’1
d i s t r ibu ted  reIIdmm, cacll slave l)roccssor  will stril)  tlIc voxels  iIl it’s ficlcl  of vic~v ~
single or distril)utd  data file, siglli{icallt]y illcrcascillg  tllc  relldcrillg tillle.

l’igure 3 is a rcllderillg of a sylltllctic collld  gu]eratml  using  tllc  ]Ilodcl CIiscussed
})apcr.

6. ])iscussion

’0111 a

I I  t h i s

l“or tllc  ]Ilultil)lc  s c a t t e r i n g  code,  tllc  I)llflkrillg  size o f  100 I)llotolls (801( l)yt[’s)  llsd
t o  1)1’OC1llCC’  tllc  l~ellcllltlarl<s  al)oi’c  is ~’cry liliClj’  11011  ol)titnal. Attcv]l})t S to llSC I’(’l’y  ]ill”~C

(80 ho b y t e s )  I,uffcrs  to lnillil[]ize  tllc *Iullll)r*  of  co*l)lllllTlic:\tio*)s”  ])rodllccd  a (llal,]atic

illcrcasc ill co~l)j)utatioll  tilt)c. 11) il]c otllcr (Iircctio]l,  l)llfl<’r  sizes of  8K 01 1[ss Icsultd  ill
failure of tllc Ml)l  code, l)ossil)ly due to too II Ial Iy UII l)Iocessd cc)lIlltlllllict\tic)lls  rcq(lcst.s
stacliillg  u}).

‘1’IIC large size of tllc  data structures usd ( 250-2000” N’1 IIytcs)  lllali(iS a rol)llst  illll)le-
lllclltatioIl  of {IIC h~olltc (krlo  IIlultil)lc  scattering code OII a lloll-virt~lal  II IeIIIOIy systclll
lili(’  tllc  (hay-rl’31 ) l)roblclnatic. ‘1’lIoLIglI tllc  grid  CaII I)c distliljutcxl  ill tllc IIICl IIOry o f
tlIc ill(lividual  l)roccssors, tll(’ IllCSS?l~(’ I)[I(IC1’S t I lilt  <11’(’ ])ilSSC(l dlllollg tll C ])1’OCCSSO]’S  t ali~
u1) collsidcrablc  s}mcc. Sillcc tllc  lllIlltil)l(  scat ter ing co(lc is rLIII illflq[lelltly,  all(l offline,
it is llllliliCl~  t]lat al)y tilllc i l lw’sled ill portilig  tllc  IIlultij)lc  scattcrilig  code to tll(’ ‘1)31)
\vould I)c well Spcllt’.

P’or tlIc  rclldcring  I)rol)lcIII, tlIc coIlllllLllliczItiolls”  ]oa(l  is  t r ivial ,  aII(l lII(JIIIory rcsollrcc

l)rol~lmns  arc tractable. AII illll)lel]lclltatic~ll  of tllc  rcIIdcIcI for tllc ‘J131)  is uIIder  dcvclol)-
IIIeIIt.  ‘1’he rcndmi]lg  ])IQI)lCIII  is  worth tllc  ad(lit imlal tilllc illvcstd,  g;iml  tllc  frcqu[’llcy
}vitll  wllic.]1 rclldcrillg i s  do]lc, aIId tile  l)sc{lclc)-lcaltilllc  duIIalIds  o f  slmcccraft l]lissioIl
siI]lulatioll.
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‘1’al)le  2
Mdcllinm  usd

1--””””

hlachi]lc  N!c]nory ]) I”OCCSSO1’

o n y x 1 G lj “4 Ii lmoo–:mhl  1
onyx 2 G 1) 4 1{10000 lWM1
onyx 2 C 1] 4 1110000 IW5hll

z

LIIllpad 12s M 1) 1 1 { 1 0 0 0 0  IW511411Z
Octallc 128 M 1) 2 1 / 1 0 0 0 0  19!51vlllz
Origi]l 8 (; 11 32 ]{]()()()() ]{)~~~]1~

-.

1.

2.

3,.

4.

Nelsc)ll Max
1<’icicni l.iglli  l’ropogai  ion for il!vliiplc  A ltisot ropic I’oIu 1)1( ,Ycotic  lill.q
])rcscIItd ai ‘J’l Ic l“iftll l’;lllc)glt~l)llics  WoIkslI()]) 0 1 1  l{c]l(l(rillg, l)arlnstadt,  (;crlilaliy,
] f){).q  .

Optical  il!odcls  for l)i7ccl  \Jolun!c  l{crtdf liltg

11;1;11 ‘J’rallsac.tiol)s  01] \~isllalizatioll  a]ld (h]lll)utm  (;ral)]lics,  \~ol. 1 ]lo. 2, JuIIt 1995.
1). 1111111[’1, 1). (;l’[x:llhl’g, M. (k)ll(’11

A l{(ldiosity  ilft {11o(I  foI il’ott-l)i~);t[,~c  lil!t~ilvrtrtt  c Ilis
Co IIIputcr (;ra])llics, Vol. 20, 110. 4, August  19S6,  ])]).  133-142.
‘J’ollloyuki  Nishita, Yosllillori  1 )ohslli, l’;il)aclliro N?lli?\llltlC

l)isplay  of CloI[ds Yk(kill.q into  A CCOI(IZI filulli])lc  A l)isoi~vpic  Scall( ri?lg aIld ,$k~y I,igl/i
s .  Na])po, J. A.h4. MCI) OIIIICII, A .  (;. l,ctTtIss(LII-l{~gcJIIIcl,  J.(1.  h’lallde~illc,  A .
SouLcyI  aII, J .C. SarI~ccki
lrticlcoltll)<[lisorz  of (;iotlo 1)11),9 J’/l’lA and  1101’1<  l)aia.
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7 .  h~l)l,  a hlcwsagr  l’assillg  IIltmfacec. f. lltl])://J\rtv\  t.lllcs.alll.goI/ltll)  i/ill(lex.lltlIll


